The ammonium assimilatory enzymes glutamine synthetase (EC 6.3.1.2) and glutamate dehydrogenase (EC IA.41.3) were investigated for a possible role in the regulation of asparaginase (EC 3.5.1.1) in a Chiamydomonas species isolated from a marine environment. Cells grown under nitrogen limitation (0.1 milimolar NH4', NOs-, or L-asparagine) possessed 6 times the asparaginase activity and approximately one-half the protein of cells grown at high nitrogen levels (1.5 to 2.5 mlHlmolar). Biosynthetic glutamine synthetase activity was 1.5 to 1.8 times greater in nitrogen-limited cells than cells grown at high levels of the three nitrogen sources.
gested that whole cells possessed little capacity to metabolize Lasparagine, since ['4C] asparagine was deamidated at the cell surface without intracellular accumulation of radioactivity, growth presumably occurring on the liberated amide (20) . The L-asparaginase behaved like an intraperiplasmic enzyme, since whole cells possessed equivalent activity as broken cells, the enzyme not being produced extracellularly (21) . The enzyme has been subsequently purified to near-homogeneity and characterized (20, and J. H. Paul, in preparation). Since as we had previously shown that the greatest L-asparaginase activity occurred in cells grown under nitrogen limitation (21) , we investigated the nitrogen assimilatory enzymes glutamine synthetase and glutamate dehydrogenase for possible co-regulation with L-asparaginase.
MATERIALS AND METHODS
The enzyme L-asparaginase (EC 3.5.1.1) has been investigated extensively in bacteria, fungi, and certain mammals because of its importance as an antineoplastic agent (for reviews see 7, 33 ). LAsparagine has been described as a major nitrogen transport and storage compound in legumes (3) and L-asparaginase may play a major role in the mobilization of the amide nitrogen for utilization in amino acid and protein synthesis in higher plants (see 19 for review). Recently, a potassium-dependent L-asparaginase has been described in tissues of several higher plants (30) indicating that the distribution of asparaginase among higher plants may be more widespread than previously thought.
Although L-asparaginase regulation has been studied extensively in bacteria (4, 11, 12, 15) and fungi (9) , the factors control- ' Plant Material. The organism employed in all experiments has been identified as Chlamydomonas species by Dr. John Green, Plymouth Marine Laboratory, Plymouth, United Kingdom, and has been previously described (21) .
Growth of Organism. All cultures were axenic and aseptic precautions were taken in their handling. Stock cultures were maintained on an artificial seawater medium (ASP II medium; 23) as previously described (21 Asparaginase. Asparaginase assays were performed as previously described (21) .
Glutamine Synthetase. Biosynthetic glutamine synthetase was determined by an adaptation of the method of Rowe et al. (26) .
Reaction mixtures contained 0.3 ml 100 mm imadazole-HCl (pH 7.15); 0.1 ml 0.5 M Na glutamate (pH 7.0); 0.1 ml 100 mm ATP, disodium salt; 0.020 ml 1 M MgCl2; 0.1 ml 1 M hydroxylamine-HC1, freshly prepared, pH 7.0; and 0.18 ml H20. The reaction was initiated by the addition of 0.2 ml cell-free extract as prepared above. Controls were incubation mixtures in which the ATP, glutamate, or enzyme was replaced by distilled H20. After 15 min at 37°C, 0.5-ml samples were taken and added to 0.75 ml FeCL3 (18) .
Aspartate and Ammonium Determinations-Aspartate and ammonium in the growth medium was determined by anion exchange chromatography and microdiffusion, respectively, as previously described (21) .
Protein was determined via the method of Lowry et al. (16) .
RESULTS
Production of aspartate and ammonium with time in the medium of cells grown on 10 mM L-asparagine appears in Figure 1 . Approximately equimolar quantities of aspartate and ammonium were produced, maximal production occurring after cells had reached stationary phase.
Residual medium ammonium levels after growth at various concentrations of L-asparagine, ammonium, or nitrate appear in Table I . Ammonium was detected in the media after growth at 1.5 and 2.5 mi L-asparagine or ammonium while none was present in the medium of nitrate-grown cells.
Protein content of cells (Fig. 2) Figure 3B . Analysis of variance followed by Student-Neumen-Keuls multiple range testing (34) indicated that glutamine synthetase activity of cells grown at 0.1 mm was greater than that of cells grown at 1.5 and 2.5 mm for all three nitrogen sources (NO3 : P < 0.025, n = 11; NH4+: P < 0.005, n = 12; asparagine: P < 0.025, n = 12). There was no difference between the three nitrogen sources at any one concentration (P > 0.5, n = 12). If the data from the three nitrogen sources were pooled at each concentration, the activity of cells grown at 0.1 nmm was significantly greater than that of cells grown at 0.5 mM.
Incubation of cells grown under nitrogen limitation with 98 mm ammonium for 15 min resulted in an approximate 20%Yo decrease in biosynthetic and y-glutamyltransferase activity (Table II) . Biosynthetic glutamine synthetase levels were comparable to y-glutamyltransferase activities in the presence of Mn2" and Mg2+ (Table II) DL-Methionine DL-sulfoximine inhibited biosynthetic glutamine synthetase activity in vitro (Fig. 4) (Fig. 3C ).
Asparagine-grown cells showed the greatest NADH-dependent glutamate dehydrogenase at 2.5 mM (8.6 times the activity at 0.1 mM), with decreasing activities in cells grown at 1.5 and 0.5 mM (Fig. 3C) . Nitrate-, ammonium-, or asparagine-grown cells had similar NADH-glutamate dehydrogenase activities at 0.1 and 0.5 mm. However, activity was 38 and 27% of the ammonium-grown cells at 1.5 and 2.5 mm nitrate, respectively (Fig. 3C) .
NADPH-dependent glutamate dehydrogenase activity was lowest for nitrate-grown cells (Table IV) , being only 15% of the activity in asparagine or ammonium-grown cells at 2.5 mm. Ammonium-grown cells possessed nearly twice the activity of asparagine-grown cells at 1.5 mm, but possessed equal activity as asparagine-grown cells at 2.5 mm.
NADH-and NADPH-dependent glutamate dehydrogenase activities showed significant correlation (P < 0.001; t test of simple linear correlation, 34) to the ammonium levels found in the medium after growth had occurred (data from Table I ). The best correlation occurred (r = 0.94) for NADPH-dependent activity versus ammonium concentration, while NADH-dependent activity showed a correlation coefficient of 0.88.
DISCUSSION
Cells grown at 0.1 mM NaNO3, NH4CL, or L-asparagine possessed the greatest L-asparaginase and biosynthetic glutamine synthetase activity while possessing only half of the protein content of cells grown at 1.5 and 2.5 mm nitrogen. We have previously shown that growth is limited at 0.1 mm concentrations of these three nitrogen sources (21) . Apparently, all three nitrogen sources exert a repressive effect on these two enzymes which is maximal at concentrations greater than 1.5 mm. The magnitude of the change in activity of biosynthetic glutamine synthetase is much less than the change in asparaginase, however, Previous work (20) (14) and Talley (31) who found that high concentrations of ammonium induced an NADPH-dependent glutamate dehydrogenase electrophoretically distinct from an NADH-dependent enzyme in Chlorella pyrenoidosa. Shatilov et al. (29) found a constitutive glutamate dehydrogenase active with both NADH and NADPH in a variety of unicellular green algae. Several of these organisms possessed an ammonium-inducible NADPH-specific glutamate dehydrogenase (29) while others did not.
Presumably, microorganisms which possess glutamine synthetase employ the glutamine synthetase-glutamate synthase pathway for the assimilation of ammonium into glutamate rather than glutamate dehydrogenase under conditions of nitrogen deprivation (6) . Although methionine sulfoximine has been shown to inhibit growth of Chlorella vulgaris (17) acids, only asparagine and glutamine could support growth as nitrogen sources. Asparagine was deamidated at the cell surface and the aspartate moiety did not accumulate in the cell (21) . Therefore, we feel that the latter possibility may explain the inability of methionine sulfoximine to inhibit growth.
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